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Abstract As a cavity of solar radiation created by the lunar shadow moves across the United States on 21
August 2017, decreases in local ionospheric and thermospheric (IT) temperature and density are anticipated.
The average velocity of the total solar eclipse across the United States is ~700 m/s. The supersonically moving
lunar shadow has induced bow waves and gravity waves that are observed by the Global Navigation
Satellite System (GNSS) network. We use the Global Ionosphere-Thermosphere Model, a global circulation
model solving for nonhydrostatic equations, with high-resolution (2° in longitude and 0.5° in latitude) and
high-cadence (forcing updated every 2 s) settings to investigate the IT responses related to the atmospheric
gravity wave perturbations during the solar eclipse. The modeled IT conditions extracted at 5-s cadence at
two ground stations reveal different responses in both neutral and electron densities under totality and
partial-eclipse scenarios. A bow wave of 0.2 TECu develops and lasts hours since totality, which is
comparable with the GNSS observations. Gravity waves with period of 20–30 min observed by GNSS have
been reproduced in our simulations.
Plain Language Summary Just as a boat moving through the surface of a lake stirs up waves in its
wake, the lunar shadow moving across continents stirs up waves in our atmosphere during a solar eclipse.
While the 2017 solar eclipse allowed a once-in-a-lifetime viewing opportunity for over 200 million Americans,
it also allowed scientists to capture unambiguous bow waves predicted by theoretical studies decades ago
with the modern Global Navigation Satellite System. In this study, we use a self-consistent global circulation
model for the upper atmosphere to further conﬁrm the formation of bow waves by the supersonically
moving lunar shadow. Waves with period of 20–30 min observed by Global Navigation Satellite System have
been reproduced in our simulations.
1. Introduction
The atmospheric response during a solar eclipse has been observed (Altadill et al., 2001; Jakowski et al., 2008;
MacPherson et al., 2000) and studied for decades (Chimonas, 1970; Chimonas & Hines, 1971; Fritts & Luo,
1993). The path of the 2017 solar eclipse crossed 14 U.S. states, entering Oregon and leaving South
Carolina, on 21 August 2017. The long duration of its totality path on land (~2 hr) provided a unique oppor-
tunity for scientiﬁc exploration in the modern age. Thousands of Global Navigation Satellite System (GNSS)
receivers across the continental United States observed the event (Coster et al., 2017; Zhang et al., 2017). A
wide community of ham radio operators participated in innovational experiments, HamSCI, to communicate
using high-frequency radios (1–30 MHz) during the day. The Super Dual Auroral Radar Network and scintilla-
tion receivers were coordinated to observe the event simultaneously.
Total electron content (TEC) derived from GNSS receivers have captured large-scale andmedium-scale travel-
ing disturbances induced from various lower-atmospheric sources, including tsunamis (Galvan et al., 2011;
Occhipinti et al., 2006; Saito et al., 2011; Tsugawa et al., 2011) and strong tropical systems in the troposphere
(Nishioka et al., 2013; Perwitasari et al., 2015; Yue et al., 2014). Theoretical works have used moving wave
packets as forcing to drive lower and upper atmospheric models (Hickey et al., 2009; Lin et al., 2017; Meng
et al., 2015; Vadas et al., 2015). Depending on the propagation velocity, moving wave packets in the lower
thermosphere induce acoustic or gravity waves. Upward propagating gravity waves result in perturbations
observable in both neutral and electron densities. The induced perturbations in TEC may sustain tens of
minutes to hours as gravity waves after the lower boundary wave packet has passed. The effects of
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acoustic waves, however, are more transient and localized to the atmosphere encountering the wave packet
than the effects of induced gravity waves (Lin et al., 2017).
Gravity waves observed in the upper atmosphere are primarily induced by (1) waves propagating from the
lower atmosphere and (2) in situ modiﬁcation to energy, chemistry, or dynamics. The reduction of heating
sources (e.g., ozone at 45 km or extreme ultraviolet, EUV, heating above 100 km) in the atmosphere can be-
come a source for generating atmospheric perturbations. Theoretical calculation (Chimonas, 1970; Chimonas
& Hines, 1971; Fritts & Luo, 1993) has shown that such a source moving at supersonic speeds is expected to
induce a bow wave and acoustic gravity waves in the lower atmosphere and may be observed in the form of
traveling disturbances in the upper atmosphere. Global 3-D simulations have been performed to study the
effects of a solar eclipse on the terrestrial atmosphere up to the altitude of ~80 km (Eckermann et al.,
2007). In the study, the reduced ozone heating resulted in a distinguishable bow wave observed in geopo-
tential height at a pressure of 0.01 hPa approximately 4 hr after the eclipse started. Owing to the limit of
the model employed, the heating and cooling parameterization was not valid above 0.01 hPa. The results
from a coarse-resolution global simulation of the upper atmosphere suggested that a solar eclipse may drive
large-scale (greater than 1,000 km) wave-like features in temperature and neutral wind changes (Müller-
Wodarg et al., 1998). The lunar shadow moved supersonically on 21 August 2017: averaging roughly
700 m/s (Huba & Drob, 2017), or about 1,000 m/s in Oregon and slowing to about 650 m/s in South
Carolina (Coster et al., 2017). For the ﬁrst time, the dense GNSS network provided measurements a unambig-
uous bowwaves during the 21 August eclipse (Zhang et al., 2017). Mesoscale wave structures with a period of
25 min were observed, which agree with the prediction of a dominant wave period of ~20 min at an altitude
of 300 km (Chimonas & Hines, 1971). In this study, the mesoscale features that may have been induced by the
2017 eclipse are presented. The Global Ionosphere-Thermosphere Model (GITM) is used to study aspects of
the effect of the eclipse on the upper atmosphere that have not been studied previously.
2. Methodology
GITM is a self-consistent 3-D ionosphere-thermosphere model (Ridley et al., 2006) with the advantages of
ﬂexible 3-D grid sizes and the ability to solve for nonhydrostatic solutions (Deng et al., 2008; Deng &
Ridley, 2014). For this study, we performed global simulations with the resolution of 2° by 0.5° in latitude
and longitude, which is roughly equivalent to a resolution of 150 km by 50 km at the U.S. sector. The resol-
vable horizontal wavelength in the diagonal direction is 316 km. The altitudinal range extended from 100
to ~700 km with a vertical resolution of roughly one third of the scale height. The time step was roughly
2 s, which was needed in order to capture both the acoustic waves and normally strong ion ﬂows at high lati-
tudes. The simulations started at 13:30 UT on 20 August 2017 and ended at 23:30 UT on 21 August 2017. The
ﬁrst 24 hr was used to spin up the codes.
While the visible light is completely blocked by the lunar body during totality, the EUV radiation from the cor-
ona does not reduce completely, resulting in weakened but nonzero ionization and heating in the upper
atmosphere. Marriott et al. (1971) considered the ratio of electron production rate during an eclipse to that
on a regular day as the obscuration factor. Adopting the idea, Huba and Drob (2017) used solar images to pre-
dict the obscuration factor during the 2017 eclipse and applied the factor to the amount of EUV ﬂux within
the radius of the eclipsed atmosphere by the lunar shadow. In this study, the scaling factor is considered as
10% at totality, linearly increasing toward the edge of the impacted area at a radius of approximately
3,000 km and returning to 100% outside of the linear region with a smooth transition of a quarter sinusoidal
function. Without considering the actual features on the solar disk, it implies a uniform EUV ﬂux distribution
and this factor is simply a function of radius of the shadow. The left panel of Figure 1 illustrates the temporal
variation of the scaling factor for totality (blue) and partial-eclipse (orange) scenarios. This implementation
allows effective calculation at each 2-s time step in the GITM simulation and facilitate the establishment a
baseline for investigating high-frequency mesoscale perturbations caused by the eclipse.
Two separate simulations are performed: a control run and an eclipse run with the temporally and spatially
varying scaling factor. The differences between the control run and the eclipse run are considered as
consequential atmospheric responses to the eclipse. Particularly, thermospheric and ionospheric variables
at two ground stations are extracted from the 3-D simulation. The stations are located in Missouri (MO,
39°N, 93°W) and Massachusetts (MA, 42.6°N, 71.5°W), where GNSS TEC or incoherent scatter radar
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measurements were taken. The MO station experienced totality, while the maximal obscuration at the MA
station was 63%. The time for maximal obscuration at the two stations was 18:13 UT (13:13 CDT) and
18:46 UT (14:46 EDT), respectively.
3. Results
One-dimensional column values were extracted from the global 3-D simulation results at the two locations
from about 3 hr before and 2 hr after totality. Figure 2 shows the differential ﬁelds of neutral mass density
(left column) and electron number density (right column) at the two ground stations: (top) MO and (bottom)
MA. The large-scale ionospheric and thermospheric responses at the two stations were similar but different in
several fashions. The electron density showed similar trends at both stations. The maximal decrease below
~200 km occurs during maximal obscuration, marked by the black vertical line. The loss of solar EUV radiation
resulted in a rapid decrease in the electron density in the E region as it is the main ionization source there.
Transport contributes signiﬁcantly to the electron density balance at the higher altitudes, where the maximal
decrease occurs about 30 min later. The temperature decrease in the lower thermosphere, resulting from
reduced EUV heating, peaked at 200 km and reached its minima of 41 and 42 K, at the MO and MA sta-
tions, respectively, ~30 min after maximal obscuration (not shown). Consequentially, the neutral density
decreased by 25% at both stations. Wave activity in both mass density and electron density is clearly obser-
vable at the MO station as shown in Figures 2a and 2b. High-frequency waves are induced when local
obscuration started and became more signiﬁcant after the totality epoch as indicated by the vertical black
line. However, wave activity is signiﬁcantly diminished at the MA station. The different responses observed
at the stations (totality versus partial eclipse) may possibly be attributed to the change rate of the EUV scaling
factor (greater versus smaller gradient). Particularly, the sharp transition before and after totality when the
signs of the change rate ﬂip imposes awave-like forcing to the atmosphere. The right panel of Figure 1 shows
that the change rate changes from negative to positive as the lunar shadow comes toward and then goes
away from the observer. The piecewise change rate can be linearly approximated by three straight lines,
marking the middle section the transition. Where the transition intersects with the other two lines at either
sides determines the transition duration. As at a totality location the transition takes less than 3 min, oscilla-
tions of periods of a few minutes are likely to be induced. At the partial-eclipse stations, the geometry deter-
mines the duration of the transition: a shorter (longer) period of transition and a higher (lower) slope when
being closer to (farther away from) the totality path. In the case of the MA station, the transition takes about
30 min at the maximal EUV obscuration and hypothetically is likely to induce oscillations of period of tens of
minutes to an hour.
Figure 3 shows the logarithmic fast Fourier transform power spectrum for each percentage-differential
ﬁeld shown in Figure 2. A strong wave-like component of periods of 40–50 min was observable at and
above 300 km in neutral density at both stations in Figures 3a and 3c. The short-period waves with periods
Figure 1. (left) Temporal variation of the extreme ultraviolet scaling factor at theMO andMA stations. (right) Change rate of
the scaling factor at the two stations. The green dashed lines illustrate the estimation of the transition, deﬁned by the linear
approximation of the piecewise change rates.
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of 5–15min with similar strengths as the 40- to 50-min components were only observed at the totality station
(MO) above 200 km but absent from the partial-eclipse station (MA). On the other hand, Figures 3b and 3d
show that the waves in electron density at the totality station are strongest below 300 km. Similar to the
neutral density, wave components of 5–15 min in electron density were observed only above 300 km at
the MO station but less distinct at the MA station. Cautions have to be taken when interpreting the longer-
period wave-like components in Figure 3. They merely represent the large-scale density depletion by the
eclipse, which last about 1–2 hr as shown in Figure 2.
As waves develop in the electron density through all of the altitudes, it is expected that such wave signatures
would also appear in the vertical TEC (VTEC). Electron density is height integrated up to ~450 km from
the simulation results. To separate mesoscale variability from the large-scale background depletion
(~ 2 TECu at maximal obscuration), a 3° zeroth-order Savitzky-Golay (Savitzky & Golay, 1964) ﬁlter of 8° in
longitude/latitude was applied to the global VTEC at ﬁxed latitudes/longitudes, respectively. Figure 4 shows
the detrended results. At 18:30 UT, lunar shadow moves to around (36°N, 272°E) marked by the hollow white
circle. A bow wave front had been formed by this time. As electron density grows with altitude, electron
density at higher altitudes dominates the overall wave signatures observed in our results (Figure 4).
In previous studies of the lower atmosphere (Eckermann et al., 2007), weaken ozone heating was attributed
to be the main source of the waves induced during a solar eclipse. One of the advantages of simulating the
Figure 2. Differential ﬁelds of (a, c) neutral mass density and (b, d) electron density observable from the MO station under-
going totality (top row) and the MA station, where the maximal obscuration is 63% (bottom row). The maximal obscuration
at each location is marked by a vertical black line.
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Figure 3. Periodogram of the corresponding (a, c) thermospheric and (b, d) ionospheric oscillation observable from the
two stations. The panels are orientated similarly to the ones in Figure 1.
Figure 4. Detrended observable total electron content (TEC) perturbations. (a) A clear bow wave front formed as the
eclipse moves across the United States and the crosses from west to east mark the (b) MO and (c) MA stations, where
the fast Fourier transform (FFT) power spectra are derived from the high-cadence vertical TEC output. The lunar shadow is
marked by the hollow white circle. The quadrangular white area in (a) indicates perturbation magnitude exceeding
0.2 TECu.
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solar eclipse event is that it was possible to distinctly investigate if in situ forcing in the upper atmosphere
contributed to the observed bow waves and gravity waves in TEC. Figure 4a shows that a bow wave front
can be formed with only the in situ modiﬁcation to the forcing and without a lower-atmospheric source.
The bowwave front led by the lunar shadow had a magnitude of0.2 TECu, which agrees well with the mag-
nitude reported in Zhang et al. (2017). The quadrangular white area in Figure 4a indicates perturbation mag-
nitude exceeding 0.2 TECu. The high-resolution and high-cadence GITM outputs also allowed the extraction
of high-frequency wave components that were close to the local buoyancy frequency. Fromwest to east, two
crosses in Figure 4a mark the locations of the MO and MA stations. A 3° zeroth-order Savitzky-Golay ﬁlter of
60 min was applied to the VTEC at these locations. Figures 4b and 4c show the FFT power spectra of the
detrended VTEC perturbations at the two stations. The detrended VTEC displays signiﬁcant wave activity
lasting at least 2 hr at the totality station since the passing of the lunar shadow. While no clear waves were
detected at the MA station, wave components of periods of 10–40 min were most prominent at the MO sta-
tion. Especially, the 20- to 30-min waves dominate the spectra, which agrees well with the wave periods of
mesoscale gravity waves extracted from the GNSS observations during the 2017 eclipse (Zhang et al.,
2017) as well as the theoretical predictions by Chimonas and Hines (1971).
The trailing gravity waves close to the MO station in Figure 4a in our simulations showed an eastward
propagation speed of 155 m/s and a southward propagation speed of 200 m/s. The waves lasted at least
1 hr since the local totality. Given the grid resolutions in this simulation is roughly equivalent to a resolution
of 150 km × 50 km in the U.S. sector. The resolvable horizontal wavelength in the diagonal direction is
316 km. The bow wavelengths reported by Zhang et al. (2017) is 350/270 km in the zonal/meridional direc-
tion, equivalent to a horizontal wavelength of 442 km. However, the aspect ratio of the GITM grids is different
from the one employed by Zhang et al. (2017). A projection at an angle of 19.3° between the two orientations
therefore needs to be considered. Potentially, the projected wavelength of 417 km from Zhang et al. (2017)
should be resolvable by the current simulation setting.
The detrending processes in this study, however, were selected best applicable to the nature of the data sets
of interest and do not exactly resemble the process taken by Zhang et al. (2017), in which a low-pass ﬁlter was
applied to each line-of-sight TEC proﬁle from the GNSS satellites and the residual are binned to the 2-D plane.
Even so, comparing the contour in Figure 4a (the 2-D GITM results) to Figure 2 in Zhang et al. (2017) and com-
paring the wave characteristics to the ones reported by the group provide a sufﬁcient evidence to conclude
that bow waves of similar characteristics are reproduced in the model given the limitation of different
approaches. This may not, however, conclusively show the waves presented in this work are the exactly same
modes of waves as those presented in Zhang et al. (2017). Caution has to be taken whenmaking a direct com-
parison between our simulation results and observations. The study by Mrak et al. (2018) has shown that the
obscuration of an unevenly distributed EUV ﬂux (two active regions present) from the solar atmosphere on 21
August 2017 might have imposed wave-like features with an amplitude of ~±0.2 TECu to the observed TEC
perturbations. Nevertheless, the results in this study demonstrate that the bow waves can be triggered by a
solar eclipse with uniformly distributed EUV ﬂux across the solar disk and are likely a subset of waves
observed by the GNSS network even without the inclusion of the consequential temporal evolution of the
EUV ﬂux related to its spatial distribution across the solar atmosphere.
4. Summary
In this study, GITM was used to simulate the 2017 solar eclipse event with high-resolution and high-cadence
outputs. Strong high-frequency mesoscale wave activity was observable in both neutral and electron densi-
ties at the totality station but absent from the partial-eclipse station. Particularly, the high-frequency wave
components (periods of<15 min) observed in neutral density were as strong as the lower-frequency compo-
nents (periods of ~60 min) at the totality station. The different responses observed at the totality and partial-
eclipse stations are attributed to the rate of change of the EUV scaling factor. Strong wave activity in electron
density contributes to the VTEC perturbations at the totality station, with the strongest waves having periods
of 20–30 min lasting at least 2 hr since totality. The detrended VTEC revealed a bow wave front led by the
lunar shadow. The perturbation magnitude of 0.2 TECu associated with 20- to 30-min waves agrees well
with the characteristics observed by the GNSS network. Using GITM, we were able to conﬁrm the generation
of observable bow waves and gravity waves by differential in situ heating during a solar eclipse.
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